An extracellular thermostable xylanase produced by Saccharopolyspora pathumthaniensis S582 was purified 167-fold to homogeneity with a recovery yield of 12%. The purified xylanase appeared as a single protein band on SDS-PAGE, with a molecular mass of 36 kDa. The optimal temperature and pH of the xylanase were 70 C and 6.5. The enzyme was stable within a pH range of 5.5-10.0. It retained its activity after incubation at 50 C for 2 h. Its half lives at temperatures of 60 and 70 C were 180 and 120 min respectively. Hydrolysis of beechwood xylan by the xylanase yielded xylobiose and xylose as major products. The enzyme acted specifically on xylan as an endo-type xylanase, and exhibited a K m value of 3.92 mg/mL and a V max value of 256 mol/min/mg. Enzyme activity was completely inhibited by Hg 2þ , and was stimulated by Rb þ and Cs þ . The xylanase gene was cloned from genomic DNA of Saccharopolyspora pathumthaniensis S582 and sequenced. The ORF consisted of 1,107 bp and encoded 368 amino acid residues containing a putative signal peptide of 23 residues. This xylanase is a new member of family (GH) 10 that shows highest identity, of 63.4%, with a putative xylanase from Nocardiopsis dassonvillei subsp. dassonvillei.
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Xylan is a polymer of 1,4--linked xylopyranoside with various branching groups (depending on the source). It is the main component of hemicelluloses in plant cell walls. Complete hydrolysis of xylan requires the synergistic action of various xylanolytic enzymes, including endo-xylanase, -xylosidase, and accessory enzymes such as -arabinofuranosidase, acetyl esterase, and -glucoronidase. As the main xylanolytic enzyme, endo--1,4-xylanase hydrolyzes the xylan backbone and generates a mixture of short-chain xylooligosaccharides.
Glycoside hydrolases are grouped into families based on the primary structure of the catalytic domain. Most xylanases are classified as family 10 or 11, and only a few have been classified into other families. 1) Xylanases correspond to families 10 and 11 of a large family of glycosyl hydrolases that are classified into 125 families based on their amino acid sequences (refer to the carbohydrate-active enzyme CAZY server: http: //www.cazy.org/Glycoside-Hydrolases.html). Most xylanases of family 10 are large and modular in structure and they usually consist of a catalytic domain, a carbohydrate binding module, and/or other functional domains joined by linker sequences. 2) Microbial xylanases are used in many industries, including baking, animal feed, brewing, textiles, waste water treatment, and paper and pulp. 3, 4) Increasing interest has been shown in the use of xylanase in pulp and paper bleaching.
5) The application of xylanase resulted in significant reductions of the chemicals required to attain the desired kappa number and brightness. [6] [7] [8] Xylanases with different properties are suited for use in different applications, such as acidic xylanase for the feed industry and alkaline xylanase for the pulp and paper industry. To satisfy an industry's requirements, a xylanase must have specific properties, such as a wide pH range and thermal stability, high specific activity, and strong resistance to metal ions and chemical compounds. 9) Xylanases have been isolated from various actinomycetes, including Thermomonospora fusca, 10) Nocardiopsis dassonvillei, 11) Cellulomonas flavigena, 12) Kocuria sp., 13) and Streptomyces species. [14] [15] [16] [17] Xylanases from Streptomyces species have been reported to be extracellular and cellulose-free xylanases, 18, 19) but there are no reports on xylanase from the genus Saccharopolyspora. Actinomycete strain S582 was isolated from a grassfeeding termite, Speculitermes sp., during intensive isolation of actinomycetes from the guts of various termites. It was found to produce a xylanase showing high thermal stability. Based on genotypic and phenotypic data, it was identified as a new member of the genus Saccharopolyspora. The name Saccharopolyspora pathumthaniensis sp. nov. was proposed for it. 20) Here we report the purification and characterization of the first thermostable extracellular xylanase from Saccharopolyspora pathumthaniensis S582. In addition, the xylanase gene was cloned and sequenced. The enzyme belongs to family 10 of glycosyl hydrolases and showed y To whom correspondence should be addressed. Tel/Fax: +81-54-238-4879; E-mail: acstoku@ipc.shizuoka.ac.jp wider pH stability when incubated at high temperature. It was also stable at high temperature. These characteristics are advantageous in application to the animal feed industry.
Materials and Methods
Chemicals. Beechwood xylan, oat spelt xylan, and bovine serum albumin (BSA) were purchased from Sigma Chemical (St. Louis, MO). Xylotriose and xylobiose were from Wako Pure Chemicals (Osaka, Japan). A protein marker was from Takara (Ohtsu, Japan). All other chemicals and materials used were of the highest purity grade.
Microorganism and culture conditions. Saccharopolyspora pathumthaniensis S582 was isolated from the gut of a grass-feeding termite, Speculitermes sp., collected from an orangery in Pathum Thani Province, Thailand. It was identified by chemotaxonomic and morphological characters and its 16S rDNA sequence. The 16S rDNA sequence of Sac. pathumthaniensis S582 (accession no. HM067865) was registered in GenBank database. 20) For xylanase production, Sac. pathumthaniensis S582 was cultivated in 500 mL Erlenmeryer flasks that contained 100 mL of xylan medium (1% beechwood xylan, 0.5% peptone, 0.3% yeast extract, 0.3% malt extract, 0.2% KH 2 PO 4 , 0.03% MgSO 4 . 7H 2 O, and 0.03% CaCl 2 , pH 7.2) with shaking (180 rpm) at 40 C for 96 h. The cultured broth was centrifuged at 5;000 Â g for 20 min to obtain a cell-free culture fluid. Escherichia coli strain JM109 was used as the host for DNA manipulation. Plasmid pUC19 (Takara) was used in plasmid preparation and gene cloning. All of the transformed E. coli were grown aerobically in LB medium or on LB-agar plates supplemented with ampicillin (50 mg/mL) at 37 C.
Purification of xylanase. Purification of the xylanase (cell-free supernatant) was carried out in three steps. The first step involved ammonium sulfate precipitation (50-80% saturation) of 3.5 L of cellfree supernatant. The precipitate was dissolved in 50 mM phosphate buffer (pH 7.0). Then the dialyzed solution was loaded onto an anionexchange DEAE-Toyopearl 650M column (60 Â 200 mm) that was pre-equilibrated with 50 mM phosphate buffer (pH 7.0). A continuous NaCl gradient (0-0.5 M, 1,000 mL) was applied, and the fractions (10 mL each) were collected. The active fractions were adjusted to 40% of ammonium sulfate saturation prior to application to a ButylToyopearl 650M that was pre-equilibrated with 50 mM phosphate buffer (pH 7.0) containing ammonium sulfate at 40% saturation. An ammonium sulfate gradient (40-0%) was applied and the fractions (1.5 mL) were collected. The active fraction was dialyzed against 50 mM phosphate buffer prior to use in subsequent experiments.
Electrophoresis and chromatography. SDS-PAGE of the samples obtained by the above steps was carried out using stacking gel (5%) and resolving gel (12%). The protein bands in the gel were stained with Coomassie Brilliant Blue R-250. The molecular mass of the tested protein was determined by comparison with a standard LMW protein marker (Takara).
Zymography of the purified xylanase was carried out by electrophoresis on 12% SDS-polyacrylamide gel, as described above. The gel was soaked in 25% v/v isopropanol and washed with 50 mM phosphate buffer (pH 6.5) at 4 C for 30 min. The gel was soaked in 50 mM phosphate buffer containing 1% w/v of beechwood xylan, and was incubated at 50 C for 30 min. Excess beechwood xylan was removed by soaking the gel in phosphate buffer for 15 min at 50 C. Detection was done by staining the gel in Congo-red solution (0.5% w/v in distilled water) for 30 min and destaining it with 1 M NaCl to visualize the clearing zone of hydrolysis. The gel was further exposed to 5% acetic acid to increase the color contrast between the hydrolysis zone and the remaining. 21) The native molecular mass of the xylanase was determined by gel filtration on a Sephacryl S-200HR column (Pharmacia Biotech, Uppsala, Sweden) previously equilibrated with 50 mM phosphate buffer containing 150 mM of NaCl (pH 7.0). The protein was eluted with the same buffer. A molecular mass standard (Gel Filtration Standard, Bio-Rad., Hercules, CA) was used for calibration.
Substrate specificity and kinetic parameters. The specificity of the xylanase was determined on the following substrates: beechwood xylan, oat spelt xylan, soluble oat spelt xylan, insoluble oat spelt xylan, soluble starch, carboxymethylcellulose, Avicel, locust bean gum, and p-nitrophenyl -D-xylopyranoside (1% w/v). Activity was assayed at 50 C for 10 min. The amount of reducing sugar produced was measured by the DNS method.
The kinetic parameters (K m & V max ) of the enzyme were calculated by measuring the enzymatic activity toward beechwood xylan at various concentrations (2-10 g/L) in 50 mM phosphate buffer (pH 6.5).
22) The kinetic parameters were then determined by fitting the initial velocity data from Lineweaver-Burk plots.
Characterization of the xylanase. Effects of pH and temperature on enzyme activity and stability. The optimum pH and pH stability for xylanase activity were determined using various buffers (50 mM) with pH values ranging from 3.0 to 11.0 (citrate buffer: pH 3.0-6.0, phosphate buffer: pH 6.0-8.5, Tris-HCl buffer: pH 8.5-9.0, glycine-NaOH buffer: pH 9.0-10.0, carbonatebicarbonate buffer: pH 10.0-11.0).
The optimum temperature for xylanase activity was determined at 40 C-100 C for 10 min. To determine thermal stability, the enzyme was incubated at 40 C-100 C for 30 min, and residual activity was determined.
Effects of metal ions and chemical compounds. A reaction mixture containing 1 mM of metal ions and chemical compounds was incubated at 50 C for 10 min. The mixture was immediately used in an assay for reducing sugar by the DNS method. Xylanase activity assayed in the absence of an additive was used as control.
Analysis of hydrolytic products. Analysis of hydrolysis products was carried out by the TLC method. 23) Xylanase (25 U) was added to 1% w/v beechwood xylan, xylotriose, and xylobiose in 50 mM phosphate buffer (pH 6.5), and this was incubated at 50 C. The reaction mixtures were centrifuged at 15;700 Â g for 5 min at 4 C, and the supernatants obtained were spotted on cellulose plates (Merck, Darmstadt, Germany). A solvent system consisting of chloroform: acetic acid: water (6:7:1 v/v) was used to separate the end products. A chromatogram was developed by spraying a solution of concentrated H 2 SO 4 :C 2 H 5 OH (5:95 v/v) and incubating the plate at 100 C for 15 min.
N-Terminal amino acid sequence of the xylanase. Electroblotting of the xylanase protein from the SDS-PAGE gel onto a polyvinyl difluoride (PVDF) membrane was carried out at a constant voltage of 24 V for 2 h at room temperature using a trans-blotting sandwich (Trans-Blot SD cell, Bio-Rad). The membrane was removed from the trans-blotting sandwich and saturated with 100% methanol, and then stained with Coomassie Brilliant Blue R-250. The band of xylanase protein was excised. The sequence of the N-terminal amino acids of the enzyme was determined by automatic gas phase Edman degradation (PPSQ-31A, Shimadzu, Kyoto, Japan). For the internal amino acid sequence, protein cleavage was carried out at 37 C for 3 h with trypsin to digest 20 mg of pure enzyme. The amino acid sequence was determined as described above.
Cloning and sequencing of the xylanase gene. A set of primers was designed from the N-terminal and internal amino acid sequences of xylanase from Sac. pathumthaniensis S582. Primers Xyl-F3 (5 0 -CGTCGACTTCGCGGAGCAGC-3 0 ) and Xyl-R4 (5 0 -CTCGGTGA-CGGCGGTCTC-3 0 ) were used to amplify a 510-bp internal fragment of the coding region of the partial xylanase gene. The PCR amplified fragment was purified using a gel extraction kit (Machey-Nalgene, Düren, Germany), and then cloned into pUC19 (the SmaI site) and sequenced to confirm its identity. The amplified 510-bp fragment was labeled with digoxigenin (DIG) by the random primer method by DIG High Prime DNA labeling using a detection starter kit (Roche, Mannheim, Germany) as a hybridization probe.
The chromosomal DNA of Sac. pathumthaniensis S582 was isolated by the method of Hopwood. 24) Its genomic DNA was partially digested with KpnI and separated by 0.8% agarose gel electrophoresis, followed by Southern blotting. Fragments containing the xylanase gene were then purified from the gel, ligated into a KpnI-digested and alkaline phosphatase-treated pUC19 vector, and the recombinant plasmids were transformed into E. coli JM109. The transformants were grown on an LB agar plate containing 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal), isopropyl -D-1-thiogalactopyranoside (IPTG), and 50 mg/mL of ampicillin. Colony hybridization and detection were done following the instructions of the manufacturer of the DIG-labelling kit (Roche). The recombinant plasmid harboring the xylanase gene was extracted and sequenced. The nucleotide sequence was analyzed using the BioEdit (version 7.0.5.3). 25) A search for amino acid sequence homology was done using the Basic Local Alignment Search Tool (BLAST), and multiple sequence alignment was done by the Clustal W.
Xylanase activity. Xylanase activity was assayed by measuring the reducing sugar released from beechwood xylan (1% w/v) by the dinitrosalicylic acid (DNS) method. 26) One unit of xylanase was defined as the amount of enzyme required to release 1 mmol of reducing sugar (xylose equivalent) from beechwood xylan within 1 min under standard assay conditions (50 C, 50 mM phosphate buffer, pH 6.5).
Protein estimation. The amount of protein was assayed by Lowry's method using BSA as standard.
27)

Results and Discussion
Purification of xylanase The extracellular xylanase produced by Sac. pathumthaniensis strain S582 was purified. The results are summarized in Table 1 . Purification of the xylanase was achieved at 167-fold with 12% recovery, yielding a specific activity of 965 U/mg. The purified xylanase showed a single band on SDS-PAGE (Fig. 1) .
The molecular mass of the xylanase was found to be 36 kDa on SDS-PAGE. A zymogram revealed the presence of a zone of hydrolysis corresponding to the Coomassie-stained band of purified xylanase on SDS-PAGE, confirming its purity to homogeneity (Fig. 1) . A single band on the zymogram indicated the presence of a single active xylanase. The native molecular mass of 36.5 kDa from the gel filtration column was identical to the molecular mass of 36 kDa on SDS-PAGE.
Other xylanases produced from actinomycete strains and classified as family 10 xylanases show molecular masses of more than 30 kDa. The molecular mass of the xylanase from Sac. pathumthaniensis S582 was close to that of Xyl3 from Cellulomonas flavigena (35 kDa) 28) and to that of xylanase X-III from Nocardiopsis dassonvilleii subsp. alba OPC-18 (37 kDa).
11)
Substrate specificity and kinetic parameters The substrate specificity of the xylanase was investigated on several polysaccharides (Table 2 ). It showed hydrolytic activity toward xylan. Highest activity was obtained for less-branched beechwood xylan (100%) followed by highly substituted xylans, oat spelt xylans (61%). Hydrolysis of insoluble oat spelt xylans was less effective (1%). These results suggest that the xylanase from Saccharopolyspora does not contain a xylanbinding domain (XBD). The binding domain has been found to have affinity for insoluble xylan.
29) The xylanase has no carboxymethylcellulase, avicelase, amylase, mannanase, or -xylosidase activities. These results indicate that the xylanase from Sac. pathumthaniensis S582 is a true xylanase.
When beechwood xylan was used as substrate, the K m and V max values of the enzyme were 3.92 mg/mL and 256 mmol/min/mg respectively. This K m value is similar to that (3.71 mg/mL) of the xylanase from Streptomyces lividans 66 30) and that (3.9 mg/mL) of the xylanase from Streptomyces sp. CD3. 31) In contrast, the V max value of the xylanase was lower than that (1960 mmol/min/mg) of the xylanase from S. lividans 66. The V max value of the xylanase from Sac. pathumthaniensis S582 was close to the V max value (272 mmol/min/mg) of Kxyn from Kocuria sp. Mn22.
13)
Characterization of the xylanase The xylanase exhibited optimum activity at pH 6.5 ( Fig. 2A) . It was stable between pH 5.5 and 10.0, retaining more than 80% of its activity for 10 min at 50 C (Fig. 2B) . It was optimally active at pH 5.0-7.0, at which it retained more than 60% of its activity. There are two reports that xylanases from Streptomyces are stable over wide pH ranges. Streptomyces sp. S27 and S. megaspores DSM 41476 were found to produce pHstable xylanase. 9, 32) Xylanases from these two strains showed pH stability between pH 2.0 and 12.0 (37 C), and pH 4.0 and 11.0 (37 C) respectively. These two xylanases showed wider pH stability than the xylanase from Sac. pathumthaniensis. However, the xylanase in this study appeared to be stable in a narrow range of pH, but also stable at a high temperature (50 C). A xylanase that is stable over a wide pH range is more useful for practical purposes. There has been no report on the application of an actinomycete xylanase for animal feed enhancement, since most of the xylanases produced by actinomycetes are optimally activated at neutral to alkaline pH.
32)
The optimum temperature for the xylanase of Sac. pathumthaniensis S582 was 70 C (Fig. 3A) . Most xylanases have optimal activity at a mesophilic temperature. 1, 33) Some xylanases have an optimal temperature at 70 C, such as STX-I from Streptomyces thermoviolaceus OPC-520, 15) XYNAMG from Streptomyces megasporus DSM 41476, 9) and XynAS27 from Streptomyces sp. S27, 34) but these xylanases showed different thermostabilities from the xylanase from Sac. pathumthaniensis S582. After incubation at 70 C for 30 min, STXI lost almost all of its activity, while the xylanase from Sac. pathumthaniensis S582 retained 80% of its activity (Fig. 3B) . XYNAMG lost 50% of its activity after incubation at 70 C for 1 h. XynAS27 retained about 30% of it activity after incubation at 65 C for 1 h. In contrast, the enzyme from Sac. pathumthaniensis S582 showed 3 h and 2 h as half-lives at 60 C and 70 C respectively (Fig. 3C) . Furthermore, the xylanase from Sac. pathumthaniensis S582 retained its activity at 50 C after incubation for 2 h. These results indicate that the xylanase in this study is more stable at high temperature than the two pH-stable xylanases produced from Streptomyces sp. S27 and S. megasporus DSM 41476.
In this regard, the xylanase from Sac. pathumthaniensis S582 is expected to operate under conditions of acidic to neutral pH and at high temperature. These characteristics are suitable for animal feed improvement, since the gastrointestinal tracts of livestock and poultry are always acidic (pH < 7). This enzyme can work better than neutral and alkaline xylanases in livestock and poultry. Most of the useful commercial xylanases are of fungal origin. 3, 32, 35) Allzyme PT, produced by Aspergillus niger, and Bioxylanase, produced by Trichoderma reesei, are commercial xylanases recommended by Haltrich et al. for the animal feed industry. 35) The optimum conditions for enzyme activity of Allzyme PT are pH 5.3 and 65 C, and those for the enzyme activity of Bioxylanase are pH 5.5-6.0 and 55 C. The optimum conditions of these two commercial enzymes are similar to those of the xylanase from Sac. pathumthaniemsis S582. However, xylanases of fungal origin show a narrow range of pH stability as compared to Sac. pathumthaniensis xylanase. The xylanase from Aspergillus sp. 2M1 exhibited pH stability between pH 6.0 and 8.0, 36) the xylanase from A. oryzae NRRL1808 was stable at pH 5.0-7.0, 37) and T. reesei QM9414 produced xylanase that was stable in a pH range of 3.0-6.5. 38, 39) These results indicate that the wider pH stability combined with the thermal stability of Sac. pathumthaniensis xylanase might be an advantage as compared with fungal xylanases in application to animal feed industry. The effects of various cations and compounds at concentrations of 1 mM on the activity of the xylanase were tested ( 2þ had no effect on activity.
Beechwood xylan hydrolysis
Hydrolysates produced from beechwood xylan by the xylanase were investigated by TLC analysis. Xylobiose and xylose were the main products after the hydrolysis of beechwood xylan, especially after incubation for 24 h, as shown in Fig. 4A . When xylotriose was used as substrate for hydrolysis, the enzyme hydrolyzed one molecule of xylotriose and liberated xylose and xylobiose (Fig. 4B) . Furthermore, it did not hydrolyze xylobiose (Fig. 4C) . These results suggest that the xylanase from Sac. pathumthaniensis S582 is an endotype xylanase. This property of the enzyme is the same as that of endo-xylanases from S. thermoviolaceus OPC-520 and S. megaspores DSM 41479, for which xylobiose and xylose are major hydrolysates.
Cloning of the xylanase gene from Sac. pathumthaniensis S582
To confirm that the xylanase from Sac. pathumthaniensis S582 is a family (GH) 10 xylanase, the xylanase gene was founded in Sac. pathumthaniensis S582 genomic library and then cloned and sequenced. The nucleotide sequence of the xylanase gene from Sac. pathumthaniensis S582 (accession no. HM856603) and the amino acid sequence (accession no. ADL60499) were registered at GenBank. The xylanase ORF consisted of 1,107 bp and encoded 368 amino acid residues. The amino acid sequence was in agreement with the N-terminal and internal amino acid sequences obtained in the previous experiment. Based on its sequence homology and hydrophobicity, the enzyme belongs to glycosyl hydrolase family 10. The deduced amino acid sequence was aligned with available protein sequences obtained from GenBank. It showed highest identity (63.4%) with a putative xylanase from Nocardiopsis dassonvillei subsp. dassonvillei DSM 4311 (ADH69383). Furthermore, it showed 62.7% identity with a xylanase from S. ghanaensis ATCC14672 (EFE67696), 62.3% identity with a xylanase from S. thermocarboxydus (ACJ64840), 61.9% with Thermobifida fusca YX xylanase (AAZ56824), 57.5% identity with a xylanase from Kineococcus. radiotolerans SRS30216 (ABS02039), and 57.3% identity with Kxyn of Kocuria sp. Mn22 (ACJ73932). Alignment with other xylanases of family 10 indicated two putative amino acid residues that play important roles in the activity of glycosyl hydrolase family 10.
42) The active site acid/base catalyst of the xylanase was Glu165 and the catalytic nucleophile was Glu273 (Fig. 5) . Two essential carboxylates are involved in the catalysis of many glycohydrolaeses, one acting as proton donor/acceptor and the other as a nucleophile. 43) This indicates that the enzyme is a new member of glycosyl hydrolase family 10. A reaction mixture (100 mL) containing 1% of each substrate with 25 units of enzyme in 50 mM phosphate buffer (pH 6.5) was incubated at 50 C. X 1 , xylose; X 2 , xylobiose; X 3 , xylotriose.
Here we report the purification, characterization, and gene cloning of a thermostable xylanase from a novel actinomycete, Sac. pathumthaniensis S582, isolated from a termite's gut. This is the first report of the purification and characterization of a thermostable xylanase from the genus Saccharopolyspora. The enzyme was active at acidic to neutral pH and stable over a wide pH range. It also showed stability at high temperature and produced less complex hydrolysis products. The favorable properties of this xylanase make it promising for applications in the animal feed industry. In view of our recent findings, further study will focus on overexpression of this enzyme in a suitable host.
